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A transient adaptive mesh is developed that makes it possible to determine 
temperature distribution at the arc with less computational time 
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ABSTRACT. Analysis of temperature and 
the cool ing rates during the weld ing 
process is essential to determine the de- 
formation and residual stresses, and 
hence, the load-carrying capacity of the 
weldments. Numerical methods wi th 
nonl inear tenqperature-dependent me- 
chanical properties with latent heat ef- 
fects have been developed in recent 
years. The accuracy and computational 
efficiency of these methods depend on 
the input mesh used in the analysis. In 
this paper, a transient adaptive mesh, 
which gives a fine mesh around the arc 
source where temperature gradients are 
too high and a coarse mesh in other 
places, is developed. The computed val- 
ues of temperature for a sample problem 
are compared with time experimental re- 
suits available in the literature. The mesh 
and temperature plots at different times 
are presented. 

Introduction 

Rosenthal (Ref. 1 ) was the first to de- 
velop a closed form solution to the tem- 
perature distr ibut ion of weldments by 
considering a moving heat source. The 
accuracy of this method is reasonably 
good in dealing with temperature calcu- 
lations in the areas not too close to the 
welding arc, but it is poor in the weld 
metal and heat-affected zone. Time accu- 
racy in estimation of temperatures in 
these regions is very important since they 
are critical areas where high tensile resid- 
ual stress results. Various researchers de- 
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veloped numerical methods to predict 
better temperature distribution. Comini, 
etal .  (Ref. 2), developed a finite element 
method to address the nonl inear un- 
steady heat conduction problem involv- 
ing temperature-del)endent thernlophys- 
ical properties. Morgan, et al. (Ref. 3), 
developed an enthalpy method, which 
includes latent heat effects in predicting 
temperatures of two-dimensional bodies 
involv ing phase change. The effect of 
heat source shape in temperature calcu- 
lations is considered in Refs. 4-6. John 
Goldak (Ref. 7) suggests that the thrust 
area in welding is adaptive and dynamic 
meshing. 

The accuracy of the f inite element 
method depends upon the mesh that is 
used in the analysis. The temperature 
around the arc is higher than the melting 
point of the material, and it drops sharply 
in the regions just away from the arc. This 
requires an extremely fine mesh in the 
confined high-temperature region to pre- 
dict the temperature accurately in that re- 
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gion. But the c()mputational t ime in- 
creases with time fineness of mesh. Since 
fine mesh is required only around the arc 
source, adaptivity of the input mesh ac- 
cording to the position of the arc source 
is efficient. The adaptive grid technique 
gives a fine mesh in the high-temperature 
region around the arc and a coarse mesh 
in other regions at any time step. With 
this it is possible to achieve desired ac- 
curacy with less computation time. 

In this paper we have implemented an 
adaptivity technique in tlme weld temper- 
ature calculations. The teml)erature-de- 
pendent mechanical properties are (on- 
sidered by predictor corrector iterative 
method. Latent heats are taken as nodal 
force vector, and the heat source is as- 
sumed to be a Gaussian one. 

Temperature Analysis 

The governing equation for tile tem- 
perature analysis is taken as 

p c , ,  ~ - <)~L ' ' ax  j 

With boundary condition as 

k, ,")T~+h(r,-~,)=o.o t>o 
cJn (2) 

and 
• = T~ tort = 0 (3) 

In the above equation, i denotes the it- 
eration number. Since radiation losses 
are small, they are neglectecl in this 
analysis. Temperature dependency of time 
convective coefficient is also neglected 
in this analysis. The thermal conductivity 
and specific heat relationships with tem- 
perature are taken as in Fig. 1 (Ref. 8). 
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Fig. 1 - -  Thermal properties o f  m i l d  steel St 3 7. 
A - -  Thermal conductivity, Kt (T); B - -  heat ca- 
pacity, Cvp (T). 
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Fig. 2 - -  Gaussian power-densi ty distr ibut ion o f  heat input from moving arc. 
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Fig. 3 - - A r c  weld ing o f  a steel plate. 

The thermal conductivi ty and specific 
heat capacity shown in these figures are 
converted into polynomial  equations 
using grapher package. Care is taken to 
take the sample points at closer intervals 
in order to maintain the accurate inter- 
polation at any intermediate tempera- 
ture. 

The latent heat effects are considered 
in the analysis as in Ref. 9. The latent 
heat evolved for the elements undergo- 
ing phase transition in the previous time 
step was incorporated as a nodal force 
vector. The heat source is assumed as 
Gaussian distribution as shown in Fig. 2 
(Ref. 8). 

The weak formulation of Equation 1 is 
given as 

\ '\ 
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Fig. 4 - -  Mesh used in Ref. 8. 

; ~ p c  T,t 7 d ~ +  ; KiiT, i T  i d ~ +  

I 7 (4) 
Having obtained the weak form of the 

differential equation, suitable shape 
functions are assumed for the tempera- 
ture T. The general finite element equi- 
l ibrium equation can be expressed as 

[,u]{ -[ } + N { T } = H  (s/ 

Time Dependent Solution 

The ful ly implicit  backward algorithm 
with predictor corrector technique for 
temperature-dependent mechanical  
properties is used to solve the Equation 5. 
This reduces the ordinary differential 
equation to the fol lowing algebraic sys- 
tem of equations. 

= 

[ M ] { m } n - F A t { F } n  ( 6 )  

where n = 1,2 .... N denotes the time step 
level. 

Table 1 - -  Comparison of N D O F  

NDOF for NDOF for 
Adaptive Mesh Structured 

Mesh Case 1 Case 2 (Fig. 4) 

Start of welding 269 331 1703 
(7.5 s) 

Middle of 330 431 1703 
welding (37.5 
s for Case 1 ) 
(75 s for Case 
2) 

End of welding 235 348 1703 
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Mesh Generation and Adaptivity 

In the present work, adaptive mesh al- 
gorithms based on Joe and Simpson (Ref. 
10) and Delaunay triangulation (Ref. 11) 
are used, as they have the advantage of 
generating nearly equilateral triangular 
meshes. The steps involved in the adap- 
tive grid technique are as follows: 

1) Discretizing the given geometry of 

weldment. 
2) Temperature calculation for the ini- 

tial mesh. 
3) Estimating the discretization error. 
4) Refining the mesh by adaptivity. 
5) Go to Step 2 for next time step. 

Discretization of Given Geometry 

The given geometry is first subdivided 

into complex subdomains to avoid the 
spillover of triangles outside the bound- 
aries in the multiply connected regions 
and concave domains. This takes care of 
meshing the welding plates with holes or 
cuts in it. Each convex subdomain is then 
triangulated using the Delaunay triangu- 
lation method. The Delaunay triangula- 
tion of a set of nodes produces a convex 
hull, defined as the smallest convex re- 

Number of nodes = 170 (DOF) 
Number of e lements = 296 (3 noded tr iongular)  

Number  of nodes = 26g 
Number  of e lements  = 483 

Number of  nodes = 218 
Number o f  e lements ~ 389 

Number  of nodes = 328 
Number  of e lements = 597 

Number oF nodes = 157 

Number oF etenents = 269 

Number oF nodes = 235 

NuMber o~ elements = 413 

Fig. 5 - -  Mesh for 2 5 0 - m m  plate. A - -  In i t ia l  mesh at 7.5 s; B - -  adapt ive mesh at 7.5 s; C - -  in i t ia l  mesh at 30 s; D - -  adapt ive mesh at 30 s; E - -  

in i t ia l  mesh at 75 s; F - -  adapt ive mesh at 75 s. 
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Number of nodes = 348 
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Fig. 6 - -  Mesh for 5 0 0 - m m  plate. A - -  Adapt ive mesh at 7.5 s; B - -  adapt ive mesh at 75 s; C - -  adap- 
t ive mesh at 150 s. 
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Fig. 7 - -  Transverse temperature distr ibut ion. A - -  A t  midsect ion dur ing  passing arc; B - -  at m id -  
section 7.5 s after passing arc. 

gion enclosing all the points in the 
domain. Hence, the boundary trian- 
gulation of a convex subdomain pro- 
duces a convex hull which is identi- 

t cal to the boundary of the polygon. 
Discretization of each initial tri- / 

t angulated subdomain includes dis- 
t tribution of well-placed nodes on the 

boundaries and interior of the do- 
t main and triangulation of these 

nodes. Initially, each node is as- 
1 signed a spacing value. A node spac- 

ing function of each element is then 
defined as a linear interpolation of 
the nodal spacing values of its ver- 
tices. Nodal spacing functions are 
then used to place additional nodes 
on the boundaries and interior of the 
elements. The node that corresponds 
to the arc position is given a lesser 
spacing value compared to the other 
boundary nodes. This gives an input 
mesh which is slightly finer in the arc 
source region as shown in Fig. 5A, C, 
and E. This makes the adaptive 
analysis to converge within one or 
two iterations. Care has been taken 
to avoid the placement of nodes out- 
side the domain. Then nodes are 
remeshed by Delaunay triangula- 
tion. The nodal spacing is adaptively 
computed in the course of analysis. 
However, to initiate the process, at 
certain initial nodes, the nodal spac- 
ing function needs to be given as ad- 
ditional input. In the present case, 
therefore, the nodal spacing function 
at the four corners of the rectangular 
domain analyzed as also at the node 
corresponding to the initial arc posi- 
tion is given as input. 

The initial mesh, which in- 
cludes some odd-shaped triangles, is 
then smoothed using Laplacian 
smoothing techniques. This gives a 
smooth graded mesh with triangles 
of improved shape. In this technique, 
each node inside the geometry is 
moved successively to the centroid 

of its neighbors and several iterations are 
made through the entire set of interior 
nodes. Care has been taken to avoid the 
nodes to be moved outside the boundary. 

Error Estimation and Adaptivity 

A simple error indicator for h-refine- 
ment as in Ref. 12 is applied to give an 
indication of the accuracy of the com- 
puted solution. The temperature field ob- 
tained from the finite element analysis is 
T, and t is the projected value obtained 
through the interpolation of nodal val- 
ues. The error is then defined in terms of 
temperature gradients o~T/~x, ~T/o~y, etc. 
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Fig. 8 - -  Temperature p lot  (°C) for 250-mm-long (x-axis) and 165-ram-wide (y-axis) plate. A - -  
Temperature plot  at 5 s; B - -  temperature plot  at 30 s. 

Since heat f lux q is based on temperature 
gradients, error can be defined as 

e= t ) -q  (7) 

The error in each element is calculated 
according to the equation 

! 1 + 

lle[lo =l JoJr aT a= [dxdy 
(8) 

Similar to energy norm in the stress 
analysis, here a quantity Ilqll considered 
to be a measure of total heat dissipation 
in the whole domain is given by the 
equation 

Ilql12=  k + dxdY¢9 ) 
where n is the total number of elements 
in the mesh. 

For an optimum analysis, the error in 

each element must be approximately 
equal. Hence, the maximum allowable 
error in each element is calculated using 
the relation 

[ 2 "~1/2 

where ~ is the maximum error specified 
by the user. 

The error computed for each element 

Ilell e is compared with that of the maxi- 

mum allowable error I1~11o and is given 

by the ratio 

~e =~ (11) 

If ~e for an element is greater than 1, then 

the size of the element must be reduced, 
and if it is less than 1, the size is to be en- 
larged. The element sizes are reduced by 
decreasing the nodal spacing values of 
these elements. At the vertices of these 
elements, 

New SF e,j = min (o ld SF e i / ~ek )1/,/, (12) 

where j refers to a vertex of the element, 
e, and k refer to the neighbors of the ele- 
ment e, which have j as a common ver- 
tex. 

According to the new nodal spacing 
values, additional nodes are placed and 
entire nodes are remeshed. The mesh is 
then smoothed. Finite element analysis is 
carried out for the new mesh. This 
process is repeated unti l  the error is 
wi th in the prescribed level. Then analy- 
sis is carried out for next time step. 

Example Problem 

To verify the validity and the advan- 
tages of the above formulations, a prob- 
lem given in Ref. 8 is considered. The 
weld ing condit ions are taken as men- 
tioned in Fig. 2. The dimensions of the 
welding plate are taken as shown in Fig. 
3. The grid used in Ref. 8 for the temper- 
ature analysis is shown in Fig. 4. In the 
present analysis, two cases of different 
weld lengths are considered. The other 
parameters remain the same for both 
cases. 

Case 1 : weld length of 250 mm (9.8 
in.). 

Case 2: weld length of 500 mm (19.7 
in.). 

The other inputs given to the com- 
puter are as follows: 

1 ) Total heat input of 1680 W. 
2) Initial condit ion (room tempera- 

ture) -- 30°C (86°F). 
3) Weld speed of 3.33 mm/s (7.86 
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in./min). 
4) Permissible error norm is 0.1. 
S) Nodal spacing value for nodes at 

the four corners of the plate = 5. 
6) Nodal spacing value for the node at 

the initial arc position = 20. 

Results and Discussion 

The initial and adapted meshes at dif- 
ferent times for a 250-mm-length plate 
are shown in Fig. 5A-F. The meshes for 
500-mm plate are shown in Fig. 6A-C. 
The number of degrees of freedom 
(NDOF) for the different meshes used in 
the analysis are compared in Table 1. 

The temperature distributions at the 
midsection for Case 2 are plotted in Fig. 
7A and B for the instant when the arc 
passes this section and 7.5 s thereafter. 
The computed values show good agree- 
ment with the experimental results used 
in Ref. 8. The temperature isotherms for 
Case 1 are shown in Fig. 8A-C. 

Conclusion 

From the above discussions, it can be 
inferred that by the adaptive mesh gen- 
eration technique it is possible to com- 
pute the temperature distr ibution of 
welded plate with reduced NDOF. In the 
subsequent elasto-plastic residual stress 
analysis for full plate, several iterations 

are to be made. Hence, reduction in the 
number of nodes wil l  reduce the compu- 
tational time substantially. 

Nomenclature 

T~ 
[M] 
[K] 
{fl 

Thermal conductivity in w/m°C 

Mass density in kg/m 3 
Specific heat in J/kg°C 
Convective heat transfer coeffi- 

cient in w/m2°C 
Ambient temperature 

Heat capacity matrix 
Conductivity matrix 
Nodal force vector 
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